Gold nanorods absorb and scatter light strongly in the near-infrared portion of the electromagnetic spectrum, making them ideal tissue contrast agents for imaging techniques such as optical coherence tomography (OCT). Strong interactions occur at the nano-bio interface, such as proteins binding to gold nanorods forming a 'corona.' To fulfill the promise of nanorods for applications such as contrast agents, we must better understand the intrinsic interactions of these nanomaterials with biological systems at the molecular, cellular and tissue level. In this paper, we briefly review the nanorod-protein interface. We then present some new fast relaxation imaging (FReI) measurements of how the presence of strongly-absorbing gold nanorods affects protein binding and folding, taking into account inner filter effects and the strong quenching effect of nanorods on fluorescent-labeled proteins. Next we show that two-photon photoluminescence of the gold nanorods can be used to image the nanorods in tissue constructs, allowing us to independently study their tissue distribution so they can be used successfully as contrast agents in optical coherence microscopy.
INTRODUCTION
The brilliant optical properties of metallic nanoparticles have been known for centuries [1] . However, only recently has interest in metallic nanotechnology at the molecular level gained momentum. The field has witnessed advances in synthetic routes to prepare different metallic nanoparticles with excellent control over size, shape, and surface chemistry [2] [3] [4] . Moreover, metallic nanoparticles have unique optical and electronic properties compared to their bulk material. The basis for the spectral properties of metallic nanoparticles, especially gold, is that they are smaller than the wavelength of light, allowing a coherent oscillation of electrons in the conduction band of the metal to occur in response to incoming electromagnetic radiation. This coherent oscillation gives rise to intense and tunable plasmon absorption and scattering through the visible into the near-infrared region of the electromagnetic spectrum, also known as localized surface plasmon resonance or LSPR (Fig. 1) . LSPR depends on the shape, size, state of aggregation, and the local refractive index of the media surrounding the nanoparticles [3, 5] . With improved protocols for synthesis established, researchers are now exploring potential applications of metallic nanoparticles in biomedicine. This interest stems from the size of the nanoparticles (comparable to proteins and viruses) and from their biological applications in chemical sensing, drug delivery, biomedical imaging, and therapy [6, 7] .
Depending on their chemical coating nanoparticles in general, and specifically gold nanorods, can exert unanticipated effects on proteins, cells or even tissue via a variety of physicochemical mechanisms. For example, the anisotropy of gold nanorods has been used as a probe of rotational diffusion in membranes [5] . Metallic nanoparticle optical properties can modulate the optical properties of biomolecules, for example through fluorescence quenching of biological chromophores such as tryptophan [6] , or fluorescence enhancement by rod-assisted absorption or far field coupling of the emission [7] . Here we review the interaction of gold nanorods with biological systems, and illustrate with new spectroscopic, kinetic and imaging data how one can probe the interaction of gold nanorods with biological systems and their effects on biological events both in vitro and in vivo.
THE PROTEIN CORONA AND THE NANO-BIO INTERFACE
The presence of gold nanorods in physiological systems does not go unnoticed by cells, or even organisms. Nano-particle surfaces have a high surface to volume ratio, so they can interact strongly with proteins, lipids, and other biomolecules once introduced into biological media [8] . The interactions can range from a non-specifically adsorbed protein "corona" in rapid exchange with the medium, to very specific recognition by cell surface receptors.
Previous studies have found that as soon as spherical nanoparticles are placed in biological media they are immediately covered by proteins, and the same phenomenon is expected for other shapes [9, 10] . The composition of the adsorbed protein layer is dynamic and undergoes change during the nanoparticles transport inside the biological host system. This is the result of the large number of proteins (about 3700 different proteins in plasma) present, each having a specific affinity for the nanoparticle surface [8] . Thus, we now perceive the proteins associated with the nanoparticle as a corona instead of a fixed layer. The composition of the corona is determined by the concentrations of the different proteins present and the rate at which they adsorb/desorb from a specific nanoparticle at any point in time. This corona is what cells "see" as they interact with gold nanorods [11] . It tends to make nanorod charge and other properties more uniform than the naked nanorod [12] . The biological corona is to be distinguished from very specific in vitro preparation, where a protein can be more permanently linked to a nanorod (e.g. via biotin-streptavidin, or maleimide thiol reaction).
When nanomaterials interact with receptors present on cell surfaces, recognition can lead to membrane binding or even cellular uptake. For example, antibody-coated gold nanorods of aspect ratio 3.9 have been used to preferentially bind cancer cells for photothermal therapy [13] . The proteins or peptides exposed from the corona, along with their conformational distribution following adsorption, dictate their interaction with receptors at the cell surface and therefore the biological impact of the nanomaterials. Nanoparticles, such as PAA-GNP between 5-20 nm in hydrodynamic diameters, bound with proteins can result in specific physiological and pathological changes in a biological system including macrophage uptake, blood coagulation, protein aggregation, and complement activation [14] .
The corona is only one part of a more complex nano-bio interface. The nano-bio interface has been described by Nel et al. in terms of three dynamic interfaces: the nanoparticle surface itself, a solid-liquid interface (where the nanoparticle merges into the corona), and a corona-media interface (the outer contact zone of nanorod-bound proteins with unbound biological components) [15] .
The nanoparticle surface itself affects the properties of the nano-bio interface via surface functionality, shape (curvature, roughness), and surface charge. It has been found that a difference in spherical particle size as small as 10 nm can lead to a significant difference in the amount of protein adsorption [16] . Gold nanoparticles receptor-mediated endocytosis rates vary widely due to the size-dependence of nanopartice-receptor interactions at the surface of the cells [13, [17] [18] [19] 23] . Others have shown that the surface functionalization of spherical polystyrene nanoparticles strongly affects protein binding [17] , and we expect surface chemistry of gold nanoparticles to play an important role in protein binding independently of its shape, for example via electrostatics.
The second important component of the nano-bio interface is the solid-liquid interface. As the nanoparticle enters the liquid media its surface becomes solvated and the large surface area tends to adsorb small molecules and biomolecules in order to reduce its surface energy [18] . It is susceptible to events such as surface hydration and dehydration, surface reconstruction, and buildup due to aggregation, all driven by a complex combination of the forces discussed above. The stability of the solid-liquid interface determines whether a nanoparticle will be stable in the biological environment.
The final component of the nano-bio interface, the corona-media boundary, is the region where the adsorbed protein layer communicates with cellular surfaces and intracellular regions within tissues and organs. It is influenced by membrane interactions, receptorbinding interactions, membrane wrapping, and biomolecule adsorption equilibria. Understanding the corona-media boundary will lead to better control of the cytotoxicity and uptake of nanoparticles. It will also enable the creation of more robust surface-specific receptors for biosensing and controlling the interaction of nanoparticles with cell membranes and lipid bilayers for photothermal therapy, imaging, and delivery applications [19] . Tailoring the corona media boundary will be the key for more widespread applications of nanoparticles in biomedicine.
Many forces sculpt the nano-bio interface. Determining the energetic contributions of electrostatics (e.g. salt bridges), hydrogen-bonding, polarizability, hydrophobicity (driven by changes in solvent entropy) and steric factors (e.g. lone-pair electrons) to the adsorption process will give a more comprehensive understanding of the nano-bio interface [20] . Properly defining and distinguishing different energetic contributions to stability is already a challenge for bulk systems, and will be even more demanding for the nano-bio interface. Even finding the right analytical techniques to do it has been difficult, despite a large body of work by many researchers. For example, literature binding constants for gold nanoparticle (spheres and rods) with proteins range over 7 orders of magnitude from 10 4 to 10 11 M −1 [6, 21, 22] . This difference might be caused by technical difference between analytical techniques being employed, by salt concentration and other solvent effects, or by the exact nature of the nanoparticle shape and coatings. Nevertheless, there are certain common observations between research groups. For example, it is now becoming accepted that smaller particles with higher surface of curvature lead to weaker protein adsorption [23, 24] .
NEW NANOROD-PROTEIN SPECTROSCOPY AND IMAGING RESULTS
Here we discuss some recent developments from our laboratories based on two techniques that enable the sensing or imaging of gold nanorod interaction with proteins, cells, and tissues. Two-photon photoluminescence can provide high spatial resolution and low backgrounds. Förster resonance energy transfer (FRET) has been used at the single molecule level [25] , and could potentially reach the 'single rod level' if signals from multiple adsorbed fluorophores is collected. There are many publications based on FRET involving the study of protein folding either on flat surfaces, or diffusing freely in solution [25, 26] . FRET has also been used to probe biomolecular folding and diffusion behavior in cells [27] [28] [29] . There are currently very few publications using FRET between nanoparticles and proteins to look at protein folding and function [30] , and there are none that have studied FRET within a dual-labeled protein in response to gold nanorod binding. We probe such an interaction via fast relaxation imaging, which combines fluorescence microscopy and temperature jumps to look at the dynamics involved when a protein binds to gold nanorods and simultaneously folds/unfolds. Development of such new experimental tools will be required to map out energetics of biomolecules near gold nanoparticles surfaces. We end by discussing two-photon luminescence imaging of gold nanorods in tissues.
3A. Protein Binding and Stability in the Presence of Nanorods
Association of proteins with nanostructures is of great interest due to potential applications in drug delivery. Nanorods could even be used to control the function of adsorbed proteins. For example, many signaling proteins are partly unfolded and fold when they bind (so-called intrinsically disordered proteins or IDPs [31] ); some enzymes undergo large conformational changes that can be used to control their activity [32] . Protein stability, conformation and folding may be different in the nanorod corona than in the bulk.
We studied binding and folding of the yeast enzyme phosphoglycerate kinase (PGK) to gold nanorods. PGK produces ATP in the glycolytic cycle. PGK was labeled at the termini with a (FRET) pair consisting of two fluorescent proteins, green fluorescent protein (AcGFP, green donor) and mCherry (red acceptor). PGK-FRET carries a net positive charge of +7 at neutral pH, the enzyme unfolds easily (~39 °C melting temperature of the PGK mutant), while the FRET probes remain folded up to 70 °C. When PGK is folded, the FRET labels are in close proximity and thus in a state of high FRET efficiency (more red emission). When PGK unfolds, its two termini fray freely in solution, increasing the end-to-end distance such that the AcGFP and mCherry labels are in a low FRET state (more green emission). Thus the two fluorescent protein labels serve as a local probe for PGK folding.
To monitor protein stability, we thermally denatured 40 nM PGK-FRET solutions in the presence of a varying concentration of nanorods (Fig. 2) . The PGK-FRET construct was incubated with aspect ratio 4:1 gold nanorods coated with an anionic polymer (polyacrylic acid) to facilitate binding. 15 nanorod concentrations ranging from 0 to 1.5 nM were tested. We investigated nanorod concentrations where the number of proteins per nanorod was ≥ 30 because simple geometric considerations suggest that it would take roughly 30-50 protein molecules to form a monolayer on the surface of these particular nanorods. At each nanorod concentration, the temperature was titrated from 23 to 44 °C in 8 steps. Fluorescence spectra from 510 to 700 nm were recorded at each of the 120 temperature/nanorod concentration combinations. The collected FRET spectra were then analyzed at every temperature by using singular value decomposition (SVD) [33] . SVD decomposes the fluorescence data into three matrices: 1) linearly independent basis spectra as a function of wavelength ( Fig. 2A,B) ; 2) trend vectors showing how each basis spectrum contributes as nanorod concentration is increased (Fig. 2C); 3 ) singular values that rank the contribution of each basis spectrum to the observed spectrum (w in Fig. 2B ).
SVD was critical to deconvolute the large non-uniform absorption of gold nanorods from FRET, reducing the inner filter effect on the FRET signal from PGK. We found that the first SVD basis spectrum reflected the average FRET spectrum (Fig. 2A) , the second basis function mainly reflected the decrease in AcGFP fluorescence due to the absorbance of green light by gold nanorods. The third SVD basis function represented an anti-correlated change of the AcGFP (<575 nm) vs. mCherry (575-650 nm) emission due to changing FRET. Increasing the nanorod concentration increased FRET (Fig. 2C) . We attribute this to increased stability of PGK at the nanorod surface (binding and folding) and/or an increase of intermolecular FRET when PGK is confined to the surface of the nanorods (binding only). The third SVD eigenvalue w 3 (Fig. 2B) had a similar magnitude relative to the first at all temperatures. This indicates that at least some of the FRET change is a result of confinement upon binding, otherwise w 3 /w 1 would be largest near the denaturation midpoint at 38 °C, where binding should have the largest effect on folding.
3B. Protein Binding and Folding Kinetics in the Presence of Nanorods
Protein folding kinetics in the presence of nanorods in cells can be monitored via fluorescence based imaging techniques such as Fast Relaxation Imaging (FReI) [29] . In the FReI methodology, cells are transfected with a fluorescence labeled protein and then imaged via fluorescence microscopy. To probe the kinetics of binding and folding, which are temperature sensitive, a temperature jump is induced in the living cells by infrared laser heating. Fluorescence (e.g. FRET efficiency) is then imaged by a fast sensitive CCD camera, yielding a movie of folding inside the cell.
As a step towards live cell studies, we report kinetics of nanorods interacting with AcGFP-PGK. Unlike in section 3A, this version of PGK has only a single label. The green AcGFP fluorophore is quenched in the presence of nanorods, and thus sensitive to binding rather than folding. Even without a red acceptor label, folding still could have an indirect effect on the green signal if the binding affinity of folded and unfolded proteins to the gold nanorods differs. Although strong quenching by nanorods presents a challenge for measuring kinetics, our initial kinetic studies of protein-nanorod binding demonstrate the promise of the FReI system for studying protein folding in the presence of nanorods. Fig. (3) shows temperature jump kinetics of the easily unfolded AcGFP-PGK mutant (39 °C melting point of PGK) in the presence of PAA-coated nanorods in aqueous solution. In these experiments, the 2000 nm heating laser was switched on at t=0 s, thus initiating a sudden temperature jump from 39 to 43 °C across the PGK unfolding transition. Although there was a loss of fluorescence intensity due to the uniform absorption of the gold nanorods, there is sufficient intensity to resolve protein-nanorod binding kinetics. Two kinetic phases are evident: one < 100 ms, and a slower ca. 300 ms phase.
The fast phase is partly due to the lower quantum yield of the AcGFP probe at higher temperature, which has nothing to do with binding or folding. The protein-only control shows a large rapid decrease of fluorescence intensity right after the jump (dotted curve in Fig. 3A) . Of note is the much smaller loss of AcGFP-PGK fluorescence intensity in the presence of nanorods (Fig. 3A) . This result suggests that PGK-GFP dissociates rapidly from the nanorods after the temperature jump, reducing the nanorod quenching of the AcGFP fluorophore and thus offsetting the lower quantum yield at higher temperature.
Difference traces between AcGFP-PGK + nanorod and AcGFP-PGK only samples revealed an additional slower phase (Fig. 3B) . In the presence of nanorods, AcGFP fluorescence increases in ~370 ms. This behavior could be due to proteins that dissociate more slowly from the nanorods and see a reduction in quenching effects as they unbind. For example, the following hypothesis is consistent with the data: In the bulk, FRET-PGK is known to unfold in ~1500 ms [28] . If greater laser heating near the gold nanorod surface produces a larger local temperature jump, protein in the corona would unfold more rapidly, and then dissociate from the nanorod leading to an increase in fluorescence. In that case, rather than measure fast dissociation from nanorods, the 370 ms time scale would indirectly measure protein unfolding by tracking the dissociation of proteins from nanorods as the proteins unfold. Further in vitro and in vivo experiments are needed to explore these trends, but these initial results suggest that protein interactions with nanorods and their folding in the presence of nanorods can be probed very effectively by FReI.
3C. Imaging of the Biochemical Environment of Nanorods in Tissue Constructs
Nonlinear interferometric vibrational imaging (NIVI) provides high-speed acquisition of Raman spectra, as compared to confocal Raman microscopy [34] . Therefore, NIVI is suitable for label-free molecular imaging of dynamic processes in biological environments, such as the interaction of gold nanoparticles and biomolecules in cells. NIVI utilizes coherent anti-Stokes Raman scattering (CARS) with spectral interferometry detection [35] . The experimental setup and the CARS energy diagram are shown in Fig. (4) . In a CARS process, molecular vibrations are coherently generated by pump and Stokes fields and the anti-Stokes signal is created by a probe field. The coherence enhancement of CARS makes it appealing for vibrational imaging. However, the four-wave-mixing non-resonant background can stymie the retrieval of Raman spectra. By using spectral interferometry, both amplitude and phase of the anti-Stokes field are measured for retrieving backgroundfree Raman spectra.
NIVI has been demonstrated to characterize chemical and biological samples and to identify molecular species within them [36] [37] [38] [39] . NIVI images of a normal and a tumor mammary tissue sections are shown in Fig. (5A) . The images can reflect the morphological changes while the spectral responses can reflect molecular composition. In a previous study, NIVI was used to differentiate normal and cancer tissues and to determine the tumor margin with greater than 99% confidence interval [36] . These studies demonstrate the potential of NIVI for real-time molecular imaging and clinical diagnosis.
This high-speed microspectroscopic technique is ideal for investigating the dynamic processes of gold nanoparticles and the biomolecules in cells. The biomolecules adsorbed to gold nanoparticles can be revealed by studying the NIVI spectra, with the CARS signal further enhanced by the surface-enhanced CARS effect [40] . Along with other optical imaging techniques, like optical coherence microscopy (OCM) and two-photon luminescence (TPL) shown in Fig. (5B) , one can visualize gold nanoparticles to monitor their interaction with biomolecules in real time [41, 42] . Understanding how gold nanoparticles interact with biomolecules and how cellular processes are altered are important to bring gold nanoparticles into biomedical applications.
CONCLUSIONS
In this paper we reviewed the nano-bio interface, and highlighted in particular new investigations of gold nanorods in biophysics and cell biology. The nano-bio interface is dynamic and it undergoes changes with time as it travels within a biological system and the environment evolves. Understanding the nature of the adsorbed layer of proteins at the surface of gold nanoparticles will help scientists predict the fate and biological effects of such particles in vivo.
However, this field needs new accurate techniques to probe the thermodynamics, kinetics, and structural changes occurring at the nano-bio interface. The different techniques being employed so far to probe the binding constant between nanoparticles and proteins have yielded a wide range of results, which might be inconsistent with each other. We have briefly described our attempts at obtaining such information using new spectroscopic techniques that allow more sensitive measurements both in vitro and in vivo. The greatest advantage of gold nanorods is also their greatest challenge: intense light absorption by gold nanoparticles makes possible local heating for therapeutic use, and enables sensitive detection, but it also complicates optical experiments. Using linear decomposition techniques such as SVD, represent a promising way to distinguish binding and folding effects from the gold nanorod optical absorption. We hope to expand these methods to in vivo measurements, and to use a global analysis of temperature and concentration trends to distinguish binding and folding. (Here, SVD analyzed the concentration trend separately at each temperature.)
We also highlighted the use of high-speed microspectroscopic techniques to look at the cell and tissue distribution of gold nanorods and the biomolecules they associate with, by combining the two-photon luminescence of gold nanorods with the Raman signal of these biomolecules. By using broadband laser sources and pulse shaping techniques [38] , the NIVI spectra can be expanded to cover the molecular fingerprint region, and the Raman spectra retrieval can benefit from arbitrary pulse shapes. Spectra in fingerprint region are informative for identifying the biomolecules associated with gold nanoparticles. Also, the sensitivity can be improved with a cooled CCD camera, which can facilitate capturing signal from cellular samples. Therefore, this paper shows that further improvements in instrumentation will be critical to look at interaction of nanomaterials with biological media. More sensitive techniques specific to single protein-nanoparticle complex instead of the whole bulk will lead to more accurate data on the protein-nanoparticle interaction. The use of spectroscopic techniques such as those described in this paper can definitely provide an efficient tool to do so. Transmission Electron Microscopy (TEM) of different aspect ratio gold nanorods, colorcoded by shape, and their respective electronic absorbance spectra showing the red shift in the longitudinal plasmon band as the aspect ratio is increased. (A) 1 st SVD basis spectrum as a function of temperature, showing that PGK unfolds (575-650 nm FRET peak disappears) as the temperature increases to 44 °C. (B) The 3 largest SVD basis spectra averaged over temperature and 3-point smoothed. #1 is the average FRET emission; 2 accounts for inner filter absorption as nanorod concentration is increased; 3 reveals FRET increase at higher nanorod concentration because acceptor fluorescence (575-650 nm) increases upon addition of nanorods, while donor fluorescence (<575 nm) decreases. (C) contribution of the 3d basis spectrum to the overall spectrum as a function of nanorod concentration; below 0.5 nanomolar, the spectral changes of the protein fluorescence cannot be determined reliably by SVD, hence the large uncertainty. Error bars at each nanorod concentration correspond to one standard deviation of the average of the 3d basis spectra at each temperature. Schematic of NIVI setup (left) and CARS diagram (right). DC: dichroic mirror; OBJ: objective; SP: short-pass filter G: grating. Pump and Stokes fields generate the coherent vibration in sample molecules. Probe field scatters off the molecular vibration to create antiStokes field, which is then interfered with the reference beam for spectral interferometry detection. (A) NIVI images of a normal and a tumor mammary tissue section (yellow scale bar: 100 μm). The morphological differences can be clearly distinguished, and the signal intensity is indicative of the lipid-protein molecular composition. (B) Optical coherence microscopy (OCM) and two-photon luminescence (TPL) images of HT-29 cells treated with and without gold nanorods (yellow scale bar: 50 μm). Both OCM and TPL can be used to visualize gold nanoparticles.
